In this study, we propose a method that combines Bayesian network, structural equation modeling, and importance-performance analyses to evaluate and improve the service quality of crowded metros from the point of service components. First, service components that influence the service satisfaction of crowded metros are investigated, and 7 service components and 27 factors are collected from the perspective of metro daily operation. Correspondingly, 8,011 sample questioners are collected using both online (i.e. microblog and WeChat) and face-to-face survey methods. The usage of these service components is more practical for metro managers to improve service quality than the factor analysis methods used in previous studies. Second, a hybrid method combining Bayesian network and structural equation modeling is proposed to establish the relationship between service quality and these service components and factors. This hybrid method can learn the uncertain relationship directly from the data, explain the psychological element, and pinpoint the crucial service component. It is concluded that security check and waiting for boarding have the greatest effect on the overall satisfaction. With the help of importance-performance analyses, some practical suggestions (e.g., theme stations, women-only carriages, and one-day ticket) are proposed to optimize bottleneck service components and thus improve the service quality of daily metro operation. Further, heterogeneity of service quality satisfaction for various groups of respondents is discussed, which contributes to effective strategies for satisfaction improvement.
I. INTRODUCTION
Overcrowding in metros is emerging as a major impediment to the improvement of service quality in many countries, including China. In 2018, the average daily passenger volume of the Beijing metro reached 10.54 million, and the train loading factor of 10 lines during peak hours was over 100% according to the data from Mass Transit Railway Operation Corporation LTD. As a consequence, problems such as poor sanitation and insufficient equipment capacity occur, and these problems affect passenger travel experience and reduce their satisfaction with the Beijing metro. In response, transit agencies have taken many measures in the Beijing metro. On one hand, passenger flow control measure has been introduced during peak hours and has become increasingly The associate editor coordinating the review of this manuscript and approving it for publication was Young Jin Chun . common in China and other countries to ensure passenger safety [1] - [3] . While this action alleviates congestion and improves the safety from the perspective of managers, it also has the potential to extend the waiting time of some passengers and has little effect on overall passenger satisfaction. On the other hand, new lines have also been built to ease congestion and improve the satisfaction with the whole metro system. However, it takes a long time to build new lines, and the additional capacity seldom catches up with increasing demand [3] , [4] . Therefore, identifying the bottleneck of service satisfaction is crucial to improve the service satisfaction of crowded metros, especially in China.
Extensive research has been performed to explore the factors that affect the quality of public transport service using methods such as factor analysis, principal component analysis, cluster analysis, discrete choice model or the multiple regression method. For example, Friman et al. [5] VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ leveraged confirmatory factor analysis to examine the psychometric properties of the satisfaction with travel scale. Le-Klähn et al. [6] proposed principal component analysis with the varimax orthogonal rotation method to delineate the underlying dimensions that were associated with the satisfaction with public transport in Munich. De Oña et al. [7] developed cluster analysis to classify four groups of passengers, and developed a decision tree methodology to identify the most important service quality attributes influencing the overall evaluations by passengers. The above methods have focused on service quality evaluation from an objective perspective; however, service quality is a composite concept in metros, and the satisfaction with metro service is actually psychological [8] , which makes it difficult to evaluate the service quality of metros. An alternative psychological method to evaluate the service quality of metros is structural equation model (SEM). SEM has, nevertheless, been one of the more widely used techniques, and its application in this field has grown over recent years [9] , as SEM is able to address large numbers of variables easily, both endogenous and exogenous [10] . For example, Eboli and Mazzulla [11] proposed a structural equation model to explore the impact of the relationship between global customer satisfaction and service quality attributes in public transport. De Oña et al. [13] proposed an SEM approach to reveal the unobserved latent aspects describing the service and the relationships between these aspects with the Overall Service Quality. Yilmaz and Ari [14] proposed SEM for delineating the factors affecting the loyalty of passengers traveling by high-speed rail between Eskisehir and Ankara. However, SEM is a confirmatory rather than an exploratory technique because the researcher needs to construct the model by defining unidirectional effects between variables [10] . Therefore, professional knowledge and skills are necessary for model-developing, which usually causes users to miss certain important relationships in the explanation of service quality [9] .
Another method is the Bayesian network (BN), which is both mathematically rigorous and an intuitively understandable data analytical tool [15] . BN can determine which predictive variables are important based on the effect of the predictive variables on the target variables. Roos et al. [16] proposed an approach based on a dynamic BN to forecast the short-term passenger flows of the urban rail network of Paris, and this approach can provide real-time predictions even in the case of incomplete data. Li et al. [17] leveraged a BN to model departure time choice of metro passengers in the Beijing metro, which proved that the proposed model has higher prediction accuracy than typical discrete choice models. Zhu et al. [18] proposed a new modeling approach that utilizes a hybrid BN for travel decision inference, and this approach can provide better accuracy than decision tree models and nested logic models. Moreover, BN, as a graphic model, leverage the connection between nodes to indicate whether there is interaction between different nodes, which can well be combined with the SEM. As a result, a new approach combining BN and SEM has been proposed in the field of service evaluation in metros. This approach has already been applied in the health sector with outstanding results (e.g., [19] , [20] ). The approach combining BN and SEM has been used to evaluate the service quality of a metro [9] . Thus, this new approach is adopted in this study.
Further, a great deal of research on metro service evaluation starts from the following dimensions: accuracy, safety, cleanliness, comfort, reliability [9] , [21] , [22] . Díez-Mesa et al. [9] proposed this method to evaluate the service quality of the LRT Service of Seville (Spain) and considered the following dimensions: Accessibility, Availability of the Service, Security, etc. The BRITISH STANDARD [23] divided the quality criteria into three levels, the first level includes eight dimensions such as availability, accessibility, information, etc. However, these dimensions are based mainly on passenger perceptions and are not friendly to the decision-making of daily operators. Thus, this paper analyzes service quality from the perspective of the metro operation process such as service components (e.g., access (egress), security check, ticket purchases or recharge, card swiping, waiting for boarding, in-vehicle experience, and transfer) [24] . Moreover, each component is further subdivided according to the staff, equipment, and environment, so that the survey and analysis results can be more credible and practical, and better suggestions can be made for the managers.
The primary goal of this paper is to evaluate service quality, identify weak service components, and put forward reasonable suggestions to metro managers. This paper analyzes service quality from the perspective of passengers but also fuses these passenger perceptions into the daily process of metro operation (i.e., access (egress), security check, ticket purchases or recharge, card swiping, waiting for boarding, invehicle experience, and transfer). As a result, a service quality evaluation has been established, and this evaluation is the first effort to develop a process-based factor analysis for service quality in Chinese metros, as well as analyze passenger characteristics, especially age and travel frequency. Further, a hybrid method combining BN and SEM is used to determine the relationships between service components and overall service quality satisfaction, as well as the importance factor in each service component. With the help of importanceperformance analyses (IPAs), some feasible suggestions are put forward to improve the service quality satisfaction with metros. Finally, heterogeneity of service quality satisfaction for various groups of respondents is discussed, which contributes to effective strategies for service quality satisfaction improvement.
The remainder of the paper is structured as follows: The basic theory of service quality analysis is detailed in Section II. The survey design and data collection are stated in Section III. The results and main findings are discussed in Section IV. Section V summarizes the significant findings and suggests possibilities for metro service evaluation and improvement.
II. THEORETICAL BACKGROUND
This section describes the basic theory of BN and SEM that is used in the evaluation method and explains the main steps of the analysis process.
A. BAYESIAN NETWORK BN, also called the belief network, is an extension of the Bayesian method. BN is one of the most effective theoretical models in the field of uncertain knowledge representation and inference. After being proposed by Pearl [24] , BN has become a research hotspot and is often used as the framework of reasoning under uncertainty that is widely used to express uncertain relationships in recent years.
Let U = {x 1 , . . . , x n }, x ≥ 1 be the set of parameters. The BN can be defined as BN = (X , E, P), where X , E, P represent nodes, directed line segments, and probability, respectively.
where pa(x i ) is the set of antecedent variables of x i , i = 1, 2, 3, . . . n. For any BN, its joint probability distribution can be represented as follows:
BN can be regarded as a graphic model, where nodes represent different factors. An arrow, representing conditional dependency, points from a parent node to a child node, which means the child node factor depends directly on the parent node factor. Each node represents a random variable. There are two main approaches to learn the structures of BN: the automatic learning and the manual learning approach. The automatic learning approach aims to achieve the goal of structural learning through some algorithms, while the manual learning approach depends on human experience where high skill and creativity are needed. Thus, the automatic learning approach is adopted in this paper.
Moreover, the automatic learning approach consists of three types of algorithms: constraint-based learning algorithms, scored-based learning algorithms, and hybrid algorithms [12] . Different algorithms might result in different structures, and the algorithm that is selected dominates the robust character of BN. Inspired by Cugnata et al. [15] , all these three approaches are adopt to learn the BN structure and choose a robust network structure.
B. STRUCTURAL EQUATION MODEL
SEM is a confirmatory rather than an exploratory technique, because the researcher constructs the model by defining unidirectional effects between variables [10] . SEM can establish the relationship between multiple causes and multiple potential variables in the research.
The basic SEM equation is defined in Bollen [25] :
where η is an m × 1 vector of endogenous latent variables, ξ is an n × 1 vector of exogenous latent variables, β is an m × m matrix of path coefficients associated with η, is an m × n matrix of path coefficients associated with η and ξ , and ζ is an m × 1 residual vector of the equation. SEM is composed mainly of a measurement model and a structural model. The measurement model is used to represent the relationship between observed variables and latent variables. The basic equations of the measurement model can be expressed as:
where x is a q × 1 vector of exogenous manifest variables, x is a q×n factor loading matrix for the effects of the exogenous manifest variables on exogenous latent variables, δ is a q × 1 vector of measuring error, y is a p × 1 vector of endogenous manifest variables, y is a p × m factor loading matrix for the effects of endogenous manifest variables on endogenous latent variables, and ε is a p × 1 vector of measuring error [21] . There are many different methods to estimate the parameters of the SEM, such as Maximum Likelihood (ML), generalized least squares estimation (GLS), and weighted least square. The sample size, the complexity of SEM, and the probability distribution should be considered when selecting the estimation method [10] .
C. ANALYSIS PROCESS
The proposed combination analysis method of metro service quality is composed of three stages: 1) Questionnaire design and data collection; 2) Exploring the relationship between the dimensions of service evaluation and overall satisfaction with a hybrid method combining BN and SEM; 3) Evaluation of the service quality of metros and obtaining practical suggestions with the help of IPA.
Further, the second stage is composed of two steps: BN structure learning and validation by SEM. The first step aims to extract the relationships among the service components and overall satisfaction from the data. Then, the second step is used to verify the BN structure and estimate the parameters of the final network structure. More details are given as follows.
Step 1 Learning BN Structure:
Step 1.1 Select a robust network structure Constraint-based learning algorithms, scored-based learning algorithms, and hybrid algorithms are employed to learn the structure of BN. The occurrence frequency of arcs that exist in the BN that is obtained are recorded. The arcs with high occurrence frequency are considered the important arcs. Specifically, we keep the arcs whose occurrence frequency is more than d(i.e., a threshold) retained in the network. The algorithm that generates the BN that contains the most important arcs is the most effective algorithm. Note that if there are networks with the same number of the important arcs, the one with the lowest misclassification rate has been selected.
Step 1.2 Analyze the robustness of the BN structure When the BN structure is determined, a bootstrap process is used to analyze the robustness of the chosen network. We generate 1000 random subsets with 1000 observations and learn their corresponding BN structure using the selected algorithm in step 1.1. Occurrence Frequency of each arc in these BN structures is recorded, which indicates the robustness of the dimension relationships extracted from the BN. Thus, the arcs whose occurrence frequency is significantly less than 0.5 need to be further validated next.
Step 2 Validation and Evaluation by Using SEM:
Step 2.1 Build the SEM and choose the right method (i.e., ML, GLS) to estimate parameters of the SEM;
Step 2.2 Analyze the structure coefficients of the SEM.
All relationships in the SEM should be significant at a 0.05 level of confidence. That is, the arcs whose p ≥ 0.005 should be removed, and the parameters should be re-estimated until all relationships are significant.
Step 2.3 Calculate the goodness-of-fit parameters of the structural model:
The following indices are applied to determine the model fit according to Bollen [26] :
a. Absolute fit indices such as the goodness-of-fit index (GFI), adjusted goodness-of-fit index (AGFI), Root Mean Square Error of Approximation (RMSEA), and standardized root mean square residual (SRMSR), which indicate how well the a priori model fits the sample data [28] and demonstrate which model has the superior fit.
b. Incremental fit indices, also known as comparative [29] or relative indices [28] , such as the normed fit index (NFI) and comparative fit index (CFI).
c. Parsimony fit indices, such as the parsimony goodnessof-fit index (PGFI), and the parsimonious normed fit index (PNFI).
The acceptable threshold level for each one is suggested in [27] . If some indices show bad fit, some adjustment should be made to the structure of the model. If all indices show good fit, the effects between different service components and overall-satisfaction are estimated.
The roadmap for this method is shown in Fig. 1 .
III. DATA COLLECTION A. QUESTIONNAIRE DESIGN
Based on the service process of metros [2] , [3] , a questionnaire is designed to investigate the influence of each service component on passenger satisfaction. The questionnaire consists of three parts: identification questions, passenger satisfaction information, and individual information. The first part aims to exclude the following non-intended respondents: 1) people who are under the age of 18; and 2) people whose travel frequency in the Beijing metro is less than once a week in the recent three months. Note that the first part is conducted by the online survey to prevent the phenomenon of malicious filing.
The second part investigates the passengers' overall satisfaction and the passengers' satisfaction for specific service components such as security check and ticketing service. In the overall satisfaction section, there are four 11-pointscale questions where 0 indicates serious dissatisfaction and 10 indicates great satisfaction with the metro service [30] . The first three questions record the individual satisfaction from three different perspectives such as staff, equipment and facilities, and environmental sanitation. And the fourth question investigates passengers' overall satisfaction with their travel experience. Further, there are 105 binary choice questions investigating passengers' satisfaction for seven specific service components, including access (egress), security check, ticket purchases or recharge, card swiping, waiting for boarding, in-vehicle experience, and transfer experience, according to the passenger travel at metros under passenger flow control [3] . For example, for access service component, from the perspective of staff, there are three binary choice questions: whether the staff tone is blunt and impatient, whether staff members are negatively inactive during daily peak hours or not, whether the staff take timely measures to deal with emergencies or not shown in Table 1 . Details of survey of other service components are shown in the appendix.
The third part is designed to collect socioeconomic and trip characteristics, for example, gender, education level, occupation, monthly income, and travel frequency. These socioeconomic and trip characteristics can assist metro managers to evaluate the group effects of passengers regarding metro service, and can contribute to taking targeted measures for different groups of passengers. Age, travel frequency (no. of trips/week), and other important characteristics are obtained in the first part.
The questionnaire is designed with in collaboration with managers from the Beijing Subway Operation Technology Centre and the Mass Transit Railway Operation Corporation LTD. A pre-survey has been conducted to validate the effectiveness of the designed questionnaire, and the final questionnaire has also been approved by its experienced managers.
B. DATA COLLECTION
The survey was conducted in the Beijing metro from October 2018 to December 2018 using online and offline methods, simultaneously, as shown in Fig. 2 . Specifically, the online survey was conducted by the official microblog and WeChat of the Beijing metro [31] , and the offline survey was conducted at stations that belong to the operation lines of Beijing Mass Transit Railway Operation Corporation LTD, including Line 1, Line 2, Line 5, Line 6, Line 7, Line 8, Line 9, Line 10, Line 13, Line 15, Line Fangshan, Line Batong, Line Changping, Line Yizhuang, Line Airport express, and S1 shown in Fig. 3 . It was conducted in more than 40% of the metro stations, including all transfer stations and stations with high ridership. Among them, the transfer stations accounted for 43.8% of all the stations surveyed, while the stations of high ridership accounted for 71.4%. Twenty investigators were recruited to conduct the offline survey at stations or trains in the Beijing metro. Because of the time cost for answering the offline survey, the passengers at the metro system are followed by an investigator throughout their journey until the survey is completed. Further, some reward was offered to responders to collect more questionnaires both in the offline and the online survey (i.e., 2 for online and 5 for offline, respectively). In the end, a total of 8,011 valid questionnaires were collected, which makes this study one of the largest statistical analysis on service quality up till now comparing with other similar studies [8] , [9] , [21] . The socioeconomic and trip characteristic observations are shown in Table 2 .
The Cronbach's alpha coefficient test for the reliability of the survey data is done and the significant value of 0.934 proves the reliability of the survey data [32] . Among all 8,011 respondents, 4,328 are male and 3,683 are female, where the gender ratio of the sample is very close to the gender ratio of the 2015 census [33], as shown in Fig. 4 . Thus, we consider that the survey sample can effectively represent the whole passenger group in Beijing metro.
IV. RESULTS AND DISCUSSION

A. PRELIMINARY ANALYSIS
The relationship between socioeconomic status and trip characteristics and the overall satisfaction is discussed based on the questionnaire data. First, the relationship between age and overall satisfaction is identified by cross contingency analysis as shown in Fig. 5 . The significance of the chisquared test was found to be less than 0.005, which means age has a significant effect on overall satisfaction. Specifically, approximately 82.6% of respondents aged 18-30 years old are satisfied with the metro service (i.e., the satisfaction score is greater than or equal to 8). Approximately 81% of the respondents aged 31-44 years are satisfied with the metro service. Approximately 85.2% of respondents aged 45-60 are satisfied with the metro service, and approximately 90.3% of the respondents aged over 60 are satisfied with the metro service. We can conclude that respondents aged between 18 and 44 have the lowest satisfaction with metro service while these respondents account for more than 80% of the whole group of respondents. Further, the relationship between the travel frequency and overall satisfaction was also investigated by cross contingency analysis as shown in Fig. 6 . The result of the chi-square test shows that travel frequency has a significant impact on overall satisfaction. Moreover, approximately 84.7% of the respondents who take the metro once a week are satisfied with the metro service. Approximately 84.3% of respondents who take the metro 2-3 times a week are satisfied with the metro service. Approximately 83.1% of respondents who take the metro 4-5 times a week are satisfied with the metro service, and approximately 80.4% of respondents who take the metro above 5 times a week are satisfied with the metro service. Therefore, it is necessary to enhance the travel experience of passengers with higher travel frequency. For example, fare adjustment strategy is a potential solution [34] , which can not only help passengers with higher travel frequency to save travel costs but also effectively alleviates congestion during rush hours.
Next, a boxplot of the scores of service components and the overall satisfaction was made to provide a preliminary understanding of the Beijing metro service satisfaction as shown in Fig. 7 . Most of the samples have overall satisfaction scores between 7 and 10, with a median of 9 and an average of 8.51. The result shows that the passenger satisfaction is at a good level in the Beijing metro. Moreover, the median satisfaction of the in-vehicle experience service component is low, while those of other service components are 9, suggesting that the in-vehicle experience is poor and needs to be focused on by managers. In addition, more than a quarter of the passengers scored the security check within the range of 3 and 7, which means that a significant amount of passengers are dissatisfied with the security check. Thus, security check is also a key component that needs to be improved.
B. BAYESIAN NETWORK RESULTS
In this section, 10 algorithms (including the mountain climbing algorithm, tabu search algorithm, etc.) are selected to learn the structure of the Bayesian network. The BNLearn package in R is used to learn the Bayesian network structure directly from the data in this case. We assume all seven service components directly impact the overall satisfaction. Therefore, the whitelist method is employed via BNlearn package to manually add the edges direct from seven service components to the overall satisfaction. Arcs with more than 7 occurrences, which corresponds to a threshold d = 6.7, in these algorithms are retained in the model according to [9] , and the robust network structure is selected as the final network with the maximum number of important arcs.
After the algorithm is determined, 1000 data sets each of which consists of 1000 randomly selected data points is used to repeat the learning process for the BN structure using the corresponding algorithm (i.e., hc1) that has the most robust network structure. During the process, the frequency of occurrence of each arc in the BN structure is recorded, and the arcs with occurrence frequency below 0.5 are further verified by the structural equation to determine whether the arcs are retained. The final results are shown in Fig. 8 .
We can see that all arcs have the frequency of occurrence over 0.5 except the arc directed from waiting for boarding to access (egress). Thus, this dependency relationship should be further examined by SEM. The arrows pointing to overall satisfaction from seven service components have the frequency of occurrence of 1 due to the applied whitelist method in the BN learning. Moreover, the following conclusions can be drawn from Fig. 8. 1) Waiting for boarding affects the satisfaction of invehicle experience and access. The waiting time has a slightly important degree of impact on the access (egress) (with a degree of importance of 0.275), where the reason may be that congestion often appeared in these two components during peak hours and congestion will spread. As a result, their satisfaction has an interaction based on their congestion. Even though the degree of importance of the arc is low, it still should be focused on and whether to remove the arc still needs further validation.
2) Access (egress) affects the degree of satisfaction of the security check (with a frequency of occurrence 1). Because the passenger flow control measurement happens in access and security check points, where large passenger flow are accumulated during peak hours ( [3] , [17] , [34] ). Passengers can get through the station and security check quickly during nonpeak hours without passenger flow control, and then their satisfaction is independent.
C. STRUCTURAL EQUATION MODEL RESULTS
According to the BN structure obtained above, a further structural equation test was conducted using SPSS Amos. In the process of SEM, binary choice questions for each service component of the questionnaire are selected as observation variables to construct the structure. As Amos does not support the construction of SEM for binary variables, the observed variables should be re-scored. First, let each factor (e.g., A1 staff in Table 1 ) have 10 points and then set equally the score of the corresponding items (e.g., 3.3 score for each item as shown in Table 1 ). Second, if passengers are not satisfied with an item, the score of the item is 0. Finally, each item's score becomes the input of the SEM analysis.
Some structural adjustment was made to the rudimentary BN structure according to various indicators of SEM. Both arcs from card swiping, waiting for boarding and in-vehicle experience to overall satisfaction are not significant at the 0.05 confidence level. Therefore, they are removed. The final SEM structure is shown as Fig. 9 .
The box in Fig.9 is shown in the following Table: The results of the SEM are shown in Table 4 , Table 5 , and Table 6 . All the parameters are significant at the level of 0.005, as shown in Table 4 , Table 5 . Thus, the SEM is suitable for these data. Further, the absolute fitness index of the structural equation model is as follows: AGFI = 0.824 and GFI = 0.853 are near the recommended value 0.9. And RMSEA = 0.073 is within the range of 0.060 and 0.080, demonstrating a good fit; the comparative fit indices, CFI = 0.905 and NFI = 0.903, are close to 1, indicating good fit; Parsimony fit indices (PGFI = 0.709, PNFI = 0.807) and residual error adaptation index SRMR = 0.0410<0.05 show that the model has a good degree of fit and is acceptable. Therefore, further analysis can be carried out.
The regression weight of I1 (personal overall satisfaction), I2 (equipment overall satisfaction), and I3 (environment overall satisfaction) on overall satisfaction was 0.758, 0.792, and 0.878, respectively, as shown in Table 4 .
The standardized total effects among service components and overall satisfaction are shown in Table 6 . Note that the arrows of these three service components (i.e., card swiping, in-vehicle experience, and waiting for boarding) pointing to overall satisfaction have been removed in the SEM compared with the BN structure (see Fig.8 and Fig.9 ). However, these three components still affect overall satisfaction through other components (0.848, 0.897 and 0.684) illustrated by Table 6 . In short, all the seven service components have positive effect on the overall satisfaction, which means the improvement of any individual component will contribute to the improvement of overall satisfaction. Further, key effects are discussed in detail, as follows.
1) The security check has the biggest impact on the overall satisfaction (total effect: 0.954) among all service components. Further observation shows that the staff's attitude and availability of staff has the biggest impact on the satisfaction with the security check service component. Recently the main dissatisfaction part is the lack of security-check equipment, and approximately 34.2% respondents considered that the security check takes too much time. There are similar conclusions with the preliminary analysis, as well as the result of Zheng et al., (2018) that 46% of the passengers at the Beijing south station needed to wait for more than 4 people to security check during weekday peak hours.
2) Waiting for boarding has the second largest impact on the overall satisfaction (total effect: 0.897). The most influential part of waiting for boarding is the service equipment and facilities: approximately 25.07% of the passengers complained about lack of seats in waiting area, 17.26% considered the temperature in the station is not comfortable, and 16.46% thought the noise was too loud in the station. Moreover, about 30.42% passengers complained that the waiting time is too long for boarding due to the overcrowding. One reason is that passengers have to be left behind because of insufficient train capacity and thus wait for a few more trains during peak hours in China, which has been got considerable attention [36] - [38] . Another reason is that previous studies also prove that passengers are more sensitive to waiting time than in-vehicle time [3] , [39] .
3) The card swiping service component has the third biggest influence on the overall satisfaction (total effect: 0.848). Specifically, the reliability of card readers has the largest impact on the service satisfaction, and the existing problems include: sensitivity of near-field communication and failure to fix card readers in time. The reliability of card readers directly affects the efficient access of passengers. There were 18.18% of the passengers (the biggest in this component) complain about the bad sensitivity of nearfield communication with mobile phones. Metro systems are currently using various new technologies, for example, entering station by QR code and near-field communication [40] , [41] . Improving the reliability of these new technologies will result in an improvement of the card swiping service component.
D. DISCUSSION
To make some improvement suggestions, IPA is applied to explore the survey data as shown in Fig. 10 . Note that herein the performance is the average satisfaction score of seven service components and overall satisfaction, and the importance is Standardized Total Effects between 7 service components and overall satisfaction. Targeted improvement measures can be proposed as follow.
1) Waiting for boarding and card swiping perform well and have great importance, because these service components are in the first quadrant [21] . The finding in Section 4.3 shows an anxiety of waiting for boarding. To deal with this problem, the decoration can be increased in the platform of the Beijing metro where each station layout has a certain cultural theme, increasing the ornamental value of the platform, which has been done well in several new lines in the Beijing metro (e.g., line 8).
2) Security check, in-vehicle experience, and transfer have great importance while showing worse performance, because these service components are in the second quadrant. As a result, improving these services components will result in a significant improvement of overall satisfaction. Because there is no more space can be used to locate more security or transfer facilities due to the small size of the metro stations in Beijing, the improvement of security check experience and ease the anxiety of passengers while waiting is a practical way to improve the worse performance. The first suggestion is to reduce the height of security equipment so that passengers with large pieces of luggage can pass through the security machines more easily, which is consistent with the results obtained by Eboli and Mazzulla [22] . In addition, the signage of the transfer channel and transfer streamline should be optimized as 25.79% of passenger complained the transfer channel is too crowded and 17.91% of passengers complained that the signage was confusing, which has been also investigated by some scholars in recent years [42] . Moreover, according to the questionnaire results, 30.6% of female passengers thought the carriage is too crowded, and 18.16% of female passengers thought the environment in the carriage is not comfortable. Both of these proportions are higher than that of male passengers, therefore women-only carriages is put forward to improve the satisfaction of the invehicle experience component, which has been implemented in China [43] and other countries [44] .
3) Ticket purchases or recharge performs well while it is not so important, because the service component is in the fourth quadrant. The service needs only to be further maintained. In further investigation, we find that some passengers have a demand for one-day ticket, which is also a good way to sell tickets in a tourist city. This suggestion has been accepted and put into trial operation in Beijing [45] .
E. HETEROGENEITY OF RESULTS ACCORDING TO RESPONDENTS' TRIP CHARACTERISTICS
In this section, the effects of respondents' trip characteristics are investigated to capture potential heterogeneity in the model estimates. Because the cross-contingency analysis showed that travel frequency has a significant impact on overall satisfaction, the study also compared the results of the proposed hybrid method according to travel frequency and the most frequent departure time. The structures and model fit indices are shown in Fig.11, Fig.12 , Table 7, and Table 8 .
As we can see from Table 7 , the index of four SEMs show that all the models have a good degree of fit and is acceptable (i.e., all indexes such as AGFI, RMSEA, CFI, NFI, PGFI, PNFI, and SRMR are satisfied with their thresholds as shown in Section IV.C). Therefore, further analysis can be carried out.
According to the result shown in Table 8 , top three service which effect the overall satisfaction most is chosen to analyze. Security check (total effect: 0.400), access (egress) (0.383), and transfer (0.217) affects passengers with low travel frequency the most. Access (egress) (0.537), card swiping (0.481), and ticket purchases or recharge (0.464) affects passengers with high travel frequency the most. The importance of security check has obvious difference between two group of passengers, one possible reason is that passengers with high frequency are accustomed to security check. Another finding is that transfer, and waiting for boarding is more important than in-vehicle experience for high frequency passengers, the reason is that high frequency passengers consider walking time and waiting time (i.e., the forth, sixth, and seven column) is more important than others such as in vehicle time (i.e., the fifth column) in the passengers' travel decision, which is in line with the conclusion by Raveau et al., (2014) .
Passengers who usually take metro during weekday peak hours pay less attention to ticket purchases or recharge (0.057), this is because they seldom need to buy single journey ticket. They pay more attention to in-vehicle experience (0.277), transfer (0.274), and waiting for boarding (0.272). While passenger who usually take metro during offpeak weekday are different, and they pay more attention to security check (0.516) and waiting for boarding (0.486). There is a big difference in the importance of security check in different group of passengers, where the reason is that the first group passengers need to queue up to pass security check during rush hours, and they pay more attention to saving time instead of service quality [17] .
Existing research mainly focus on the satisfaction of all passengers to enhance the whole level of service, while few studies consider passenger heterogeneity. In response to this problem, some key targeted suggestions can be put forward as follows:
1) For passengers with high travel frequency, facescanning can take the place of card swiping service with the help of app and big data analysis tools, which also contribute to build the intelligent metro station. In addition, monthly ticket and promoting online payment with the use of app are good solutions for frequent recharge.
2) During peak hours, more attention should be paid to transfer and waiting for boarding service components, while more attention should be paid to waiting for boarding and security check service components during off-peak hours. Some guiding measures like giving a fare discount for travel 20 minutes before or after the rush hour, should be taken to relieve congestion, which has been studied by Subway [31] . Moreover, foldable seats can be added to the platform to meet the non-peaking hour needs of waiting passengers to response the complaint in Section IV.C (i.e., approximately 25.07% of the passengers complained about lack of seats in waiting area). Further, to improve the service quality of transfer during weekday peak hour, transfer streamlining optimization and improved guidance signage are necessary, which is in line with Zhang et al. [40] .
V. CONCLUSIONS
This study evaluated the service quality of the crowded Beijing metro using a hybrid method combining BN, SEM, and IPA. BN was used as an exploratory tool to extract the relationships between different service components and overall satisfaction directly from data. SEM was used as a confirmatory tool due to its superiority. The final model was formed with 8 latent variables (i.e., access (egress), security check, ticket purchases or recharge, card swiping, waiting for boarding, in-vehicle experience, transfer, and overall satisfaction) and various observed variables. By this hybrid method, the total effect (importance) of each service component on overall satisfaction can be obtained according to the total of 8,011 samples in the Beijing metro, as well as the total effects between service components. With the help of IPA, some feasible suggestions to improve service level are provided for Beijing metro operators.
1) Passengers pay more attention to security check (total effect: 0.954) and are more sensitive to passing time (e.g., approximately 34.2% respondents considered that the security check takes too much time) in the Beijing metro. That is, passengers are sensitive to saving travel time in a crowded metro, which is line with the previous study [34] .
2) Waiting for boarding has the second largest impact on the overall satisfaction (total effect: 0.897). About 30.42% passengers complained that the waiting time was too long for boarding due to the overcrowding. The dissatisfaction in waiting for boarding has been got considerable attention ([36]- [38] , [47] ), and design rich themes at station platforms is put forward to solve the problem, which has been done well in new lines in the Beijing metro (e.g., line 8).
3) Security check, in-vehicle experience, and transfer have great importance while showing worse performance, according to IPA. One suggestion is to reduce the height of security equipment so that passengers with large pieces of luggage can pass through the security machines more easily, which is consistent with the results obtained by Shen et al. [21] . Optimization transfer streamline and transfer signage is another choice, which has been investigated by previous studies [42] . Another suggestion is women-only carriages to improve the women's satisfaction of the in-vehicle experience component, which has been implemented in China [43] and other countries [44] . 4) Key service components to improve the overall service quality are identified for different groups of passengers. For example, card swiping is more important for passengers with high frequency (total effect: 0.481, ranked second) than others (total effect: 0.198, ranked sixth). Waiting for boarding is important for both group of passengers, but their interesting points are different: the first group complained about overcrowding, and the second group complained seats are scarce in platforms. According to these results, targeted suggestions are given, such as introducing the face-scanning technology to take the place of card swiping for passenger with high frequency, offering a fare discount to guide passengers through adjusting their original departure time during weekday peak hours [34] , and adding extra foldable seats at platforms during non-peak hours.
The findings in this research will contribute to analyzing the mechanism of service quality and providing theoretical basis for improvement strategies in metros. The following aspects will be further studied in the future:
1) The potential improvement effect of the proposed suggestions needs to be further verified.
2) Fusion more multiple data mining passengers' satisfaction is another possible area of future research.
3) It is necessary to fully consider the satisfaction of passengers of all age groups for the metro to improve the service quality of metro. 4) Exploring the heterogeneity of service quality satisfaction for various groups of respondents should be supported by different SEM models, such as SEM-MIMIC, SEM Multigroup, etc. [48] , [49] .
APPENDIX
DETAILS OF SURVEY OF EACH SERVICE COMPONENT
